The effect of the structural modifications induced by the replacement of the B sites with W 6+ ions in tetragonal symmetry (T) and an orthorhombic symmetry (O) onto the perovskite structure, which is tuned by varying the doping level. In addition, this polymorphic behaviour is accompanied by the appearance of a secondary phase, which can be detected through XRD and Raman results. A correlation between the presence of both structural features and the W 6+ content has been evaluated, and therefore this lead free system reveals a transition from a normal ferroelectric to a 'relaxor-like' ferroelectric due to the cation disorder in the perovskite-structure in doped samples. A large diffusivity value (γ) has been attained when the x value reached 0.05 owing to the involved O-T polymorphic phase, as well as by the appearance of a secondary phase. The experimental proofs make clear that the role of the secondary phase is to capture the alkali ions of (KNa)NbO 3 -based system, provoking a cation disorder in the perovskite-structure matrix. The significance of this work lies in evaluating whether such a material can benefit the understanding of (KNa)NbO 3 -based ceramics and the expanding of their applications range.
Introduction
Lead titanate-zirconate ceramics (Pb(Ti,Zr)O 3 -PZT) are the most widely used piezoelectric ceramics, on account of their high piezoelectric properties response, large-scale production capability and the tailoring of their properties through composition. However, due to the toxicity of lead, a wide range of regulations concerning environmental preservation are increasingly being introduced worldwide [1] [2] . PZT ceramics are still allowed because of the lack of an adequate alternative.
Among the available lead-free ferroelectric ceramics, one promising candidate is the family of sodium potassium niobate (K,Na)NbO 3 (KNN), on account of its good electromechanical properties [3] [4] [5] . As for PZT, the sinterability of KNN-based materials can be improved by using different sintering aids and dopants [6] [7] [8] [9] .
Numerous studies on lead-free piezoelectric ceramics such as (K,Na)NbO 3 , BaTiO 3 -based, Bi-layered, bismuth sodium titanate and tungsten bronze-type materials have been recently published [10] [11] [12] . In this way, niobates (K,Na)NbO 3 (KNN)-based ceramics have showed good piezoelectric and electric properties, high Curie temperature and environmental inequity.
Dai et al. 13 investigated the influence of the morphotropic phase boundary and electrical properties of K 1−x Na x NbO 3 ceramics with x=0.48-0.54 prepared by a conventional solid-state reaction method. They found that a typical morphotropic phase boundary exists at x=0.52-0.525, separating the monoclinic and orthorhombic phases. Moreover, the sample with the composition near x=0.52 showed the maximum value of the piezoelectric constant (d 33 =160 pC/N). 13 Saito et al. reported exceptionally high piezoelectric properties in the system (K,Na)NbO 3 -LiTaO 3 -LiSbO 3 14 . This study was based on chemical modifications, in the vicinity of the MPB of (K,Na)NbO 3 (KNN), by complex simultaneous substitutions in the A (Li) and B (Ta and Sb) site of the perovskite lattice. Besides these chemical modifications, they developed a novel processing route for producing textured polycrystals of the KNN-based compositions by additional engineering of the microstructural design. However, the compositional inhomogeneity, particularly the inhomogeneous distribution of Nb, Ta and Sb on the B-site of the perovskite lattice, is rather difficult to be avoided due to the phase segregation of end members over a wide temperature interval 15 . In addition, apparent compositional segregation in KNN has been evidenced in ceramics annealed for a long time 16 .
In the present work, W 6+ is selected as the dopant of KNL-NTS ceramics. Thus, on the basis of ionic radii, 20 sites of the perovskite lattice resulted in the presence of a new secondary phase, which modifies the phase transitions of the system. These structural changes find their explanation due to the partial retention of the alkali elements involved in (KNa)NbO 3 -based perovskite structure, which move to form the secondary phase. The main achievement is related to the tuning of the ferroelectric behaviour, which evolves from a normal ferroelectric to a 'relaxor-like' ferroelectric because of the heterogeneous distribution of the W 6+ ions.
Powders with different WO 3 concentrations (x = 0, 0.005, 0.010, 0.030 and 0.050), abbreviated as KNL−(NTS) 1-x W 5x/6 , were weighted by electronic balance and ball milled for 3 h in ethanol medium in a high energy laboratory ball-mill with zirconia balls. Afterwards, the resulting powders were dried and calcined at 700 ºC for 2 h at 3 ºC/min. These calcined powders were attrition milled again and pressed at 200 MPa into disks of 10 mm in diameter and 0.7 mm thick. The pellets were finally sintered in air at 1125 ºC for 2 h. Bulk densities of the samples were determined using the Archimedes method. Electrical Properties: For the electrical measurements, silver paste electrodes were coated on both sides of the sintered samples. After fired at 700 o C for 20 minutes, these disks can be used for characterizing electrical performance. In order to test the piezoelectric constant, the samples were polarized under a direct current (dc) electric field of 40 kV/cm in a silicone oil bath at 25 ºC for 30 min. (PDF# 87-1856), with tetragonal tungsten-bronze phase structure (TTB). [21] [22] This phase is more relevant in high doped ceramics, indicating that W 6+ concentration affects the formation of secondary phases.
X-ray
The inserts of the (tetragonal and orthorhombic phases), was previously reported on KNL-NTS bulk ceramics. [23] [24] [25] [26] It is well known that the tetragonal symmetry, T, of the perovskite phase can be deconvoluted in two Lorentzian peaks, (002) T, and (200) T . In addition, in these samples two peaks located at ~45.4 and ~45.6º (2θ) which are associated with the orthorhombic symmetry, O, are detected. At low W 6+ contents (x ≤ 0.01), the peaks associated with tetragonal symmetry are more relevant than in the ceramics with high W 6+ contents (x ≥0.03), which implies a stabilization of tetragonal symmetry at low W 6+ concentrations (see insert of the Fig. 1) . As a consequence, the most probable origin of this behaviour must be related to the solubility of W 6+ ions in the perovskite structure, and therefore with the chemical homogeneity of the system. So, we suppose that the perovskite lattice cannot accommodate the nominal W 6+ content since it corresponds to B-site excess. Thus, the corresponding excess should be directly compensated by the eviction of some Nb 5+ ions, with the transformation of the perovskite structure towards an orthorhombic symmetry, and the apparition of the secondary phase. 
Study of the secondary phase location using Raman imaging.
To verify that the crystalline symmetry and the appearance of the secondary phase are influenced by the doping on the KNNbased system, additional experiments were performed by confocal Raman microscopy (CRM). According to the nuclear site group analysis, Raman active modes of the tetragonal P4mm (C 4v 1 ) crystal symmetry are associated to the BO 6-perovskite octahedron. [27] [28] So, the vibrations of the BO 6-octahedron consist of 1A 1g (υ 1 ) + 1E g (υ 2 ) + 2F 1u (υ 3 , υ 4 ) + F 2g (υ 5 ) + F 2u (υ 6 ).
From these vibrations, 1A 1g (υ 1 ) + 1E g (υ 2 ) + 1F 1u (υ 3 ) are stretching modes and the other ones bending modes. In particular, stabilized for low doping content. The presence of W 6+ ions enhances probably the amount of transient liquid phase and thus the grain growth is promoted.
EDS analysis was carried out on all the specimens in order to identify the composition of the TTB phase. Figs. 3(f-h) illustrate the EDS a spectrum corresponding to the matrix and TTB phase, respectively, and the composition analysis is also summarized in the included table. Na, K, Nb, Sb, W and Ta ions were found in the matrix and its composition is confirmed to be the very close to KNL−NTS, see composition table of the Fig. 3 derived from EDS spectra. In the TTB phase, however, a low relation Na/K has been expected, see composition table of the Fig. 3 . Through the EDS analysis, the composition of the secondary phase is close to the K 6 Nb 10.88 O 30 -based phase with tetragonal tungsten-bronze structure.
Influence of the Structural and Microstructural changes on the Functional Properties of the
KNL−(NTS) 1-x W 5x/6 ceramics. 
Theoretical density 4.69 g/cm 3 [21]
KNL−(NTS)1-xW5x/6 be attributed to the secondary phase formation, the density diminution, and the coexistence of different polymorphic phases.
Moreover, the presence of the secondary phase correlates with the higher dielectric losses. without W 6+ we can notice that the ceramics with W 6+ have a lower T C . This phenomenon is consistent with previously reported results in KNN with the addition of other doping in B-site. [34] [35] [36] [37] In addition, some differences in the T O-T and T C peak shapes were also observed, as shown in Fig. 4(c-d) . The T O-T peak shape of the ceramics with 0.00 ≤ x ≤0.005 match effectively with the T phase of KNN and the ceramics with 0.01 ≤ x ≤0.05
possess O and T mixed phases [see Fig.4(c) and (d)] . Moreover, we can observe from Fig. 4(c) and (d) a more frequency dependence in the ceramics with large W 6+ content. Thus, the cause of this behaviour can be related to chemical inhomogeneities. These inhomogeneities are characteristics of polymorphism and generally appear as polar nanoregions (PNRs), which are typical in relaxor systems, or when phase's diffusion is present. As mentioned above, the doping effects on the ceramics are also reflected in the T C transition. One can see that the ceramics with high W 6+ contents (x ≥0.03) have a larger frequency dependence and presents some characteristics of a relaxor-like behaviour 38 : (i) a broad maximum in the thermal dependence of the dielectric permittivity and (ii) a frequency dependence of the maximum of the dielectric constant (the maximum is slightly shifted to higher temperatures when the frequency is increased). Thus, this "relaxor-like" behaviour is particularly clear for the sample with high W 6+ contents (x ≥0.03) (Fig. 4d) and seems to disappear for the undoped ceramic (Fig. 4c) . sample finally exhibits a lower P r . In addition, it is also believed that the absence of long-range dipoles restricts not only the polarization, but also tends to induce the formation of polar nanodomains. For ferroelectric materials, doping elements can act in various ways: (i) they can be incorporated into the structure, which is thus modified, i.e. intrinsic effects, (ii) they can modify the sintering and grain growth mechanisms, thus changing the microstructure (grain size, morphology) and the ferroelectric domains configuration and size, i.e. extrinsic effects and (iii) they can induce structural defects (like oxygen vacancies) thus modifying the pinning of ferroelectric domains. As a consequence, the role of the doping elements appears as quite complex and must be considered carefully. The ac conductivity analysis can allow us to identify the possible conduction mechanisms, and their variation with the frequency, beside it can specify us if its origin is intrinsic or extrinsic. Thus, from the imaginary part of permittivity ε´´ values at different frequencies (f), the ac conductivity (σ ac ) data can be calculated according to the following equation:
where ε 0 = 8.85•10 -12 F/m and ω = 2.π.f. As a result, it can be observed that σ ac clearly depends on the W 6+ concentration, At low frequencies (f < 10 5 Hz), the doped ceramics exhibits a significant increase in ac conductivity of ~1 order of magnitude compared to the undoped sample, which is associated with extrinsic effects. As a logical consequence, the explanation of this evolution is that the solubility limit of the doping element is quickly reached and that excess W 6+ ions together with some alkaline cations generate a liquid phase that enhances the formation of a secondary phase (extrinsic effect), as evidenced in Figs. 2 and 3 . This secondary phase is preferably located at grain boundaries and/or triple point, and it seems to be the responsible for the grain refinement as an indication of their liquid nature during the sintering step.
perpendicularly to the AFM cantilevers. The area of 14 × 14 µm (Fig. 8a) delimits the range where topographic information was collected by AFM. Fig. 8(b.1) shows a detailed AFM topographic image of two grains corresponding to the secondary phase structure with plate-like shape. The AFM scans along the white arrow of Fig 8(b.1) is illustrated in Fig. 8(b.2) . The grain associated with the secondary phase (i) has a grain size of ~ 4 µm and (ii) at close to grain boundary appears protrusions (height difference of ~400 nm).
CRM is here combined with AFM in the same experimental setup, thus giving direct correlations between topography and local structure. The selected area is the one previously studied by AFM. Raman spectra having same Raman shift are classified by the colours and colour intensity corresponds to the Raman intensity, such as we show in Figs. 2. The colour combination results in (i) Raman image of the surface (Fig. 8c.1 ) and (ii) Raman depth scan image of the cross-section ( Fig.   8c.2) . From these results we can deduce that there is a clear correlation between the secondary phase region (marked in blue 
